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DOCUMENTATION FOR PROGRAM SIMICE

Introduction

Program SIMICE calculates the conditions under which a model should be
tested to maintain similitude between it and a prototype. It attempts to
maintain the following constant between the model and prototype:

(1) collection efficiency, Em,
(2) heat transfer flux, q/A, and

(3) the flux of 2liquid water approaching the body under test,
grams/meter /sec.

The program solves for the liquid water content (LWC), the free stream
velocity (V), and average droplet diameter (D) of the model from various
input data. The equations modelling these phenomena are nonlinear in form
and are solved by the well-known Broyden technique.

The user has flexibility in the data input and output. The inputs from
a file are checked for reasonableness. The user must input initial values
of the independent variables which are at least reasonable approximations to
the final solution or the Broyden procedure may fail.

The program writes out the following:

(1) intermediate results from the BROYDEN program to the file DELBRO.DAT;
(2) any error messages or flags which may be encountered to the file

SIMICY.ERR; and
(3) the input data and calculated values to the terminal or lineprinter.

This method of handling the output permits the user to obtain the principal

output in a highly-presentable form while, at the same time, having available
intermediate and other output for more detailed inspection.

The program is highly structured, and cop .ously supplied with COMMENT
statements and, therefore, easily understood. It consists of the main program
SIMICE and 14 subprograms. Program SIMICE

a) reads in the necessary starting data (Ste DATA INPUT section);
b) sets up the system of equations to be sclved;
c) calls on subroutine DELBRO (the Broyden routine) which solves the

equations; and
d) writes out the final results.

The subprograms (described in greater detail below) perform various chores
such as

a) calculation of physical properties;
b) calculation of values of such quantities as the heat transfer

coefficient, hc , collection efficiently, E , etc.
c m

This structure makes it possible for the user to easily replace current
correlations with improved versions if and when they become available.

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AISC)
NOTICE OF TRANSMITTAL TO DDC
This technical report has been reviewed and is
approved for public release IAW AFR 190-12 (7b).
Distribution i5 utillmited.
A. D. BLOSS
1euh zical Inruriation Officer
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Mathematical Background

The basic procedure used to find the conditions for the model tests
scaled-down from the prototype test results according to the principals of
similitude is as follows:

1) write three equations governing the relevant physical phenomena and
their scalel-down and

2) solve these equations for the three unknowns.

The three unknowns referred to are:

LWCf = Liquid Water Content for the model.

V = Free stream velocity for the model.

Df = Average droplet diameter for the model.

Other variables are brought in as parameters which can be changed as
necessary by the user of the program.

The physical phenomena whose equalities are to be maintained between the
model and the prototype are:

(1) the collection efficiency, E
(2) the heat transfer flux, q/A;mand
(3) the flux of liquid water approaching the body under test.

The equations which model these phenomena are nonlinear in form. They are
solved by the Broyden technique (2) using a program developed by Dr. J.D. Perkins.

To facilitate the numerical work the program referred to above uses the
ratios

X(1) = (LWC)m/(LWC)f

X(2) - DM/Df
X(3) = V om/Vof

where the subscript f refers to the model and m to the prototype.

The three equations are developed in greater detail below.

Collection Efficiency = E . The collection efficiency E is a function of K (9):m m o

Em f (K 0
where K = T/KA

X/ s =f (ReD)
s 2 DA

and ij..unouvlsd
K V w D2 . - ---- .....orl

We want (E M) (E ) tyC"
mp m Av8 nd!or

(E ) will equal (E) if (K) (K) S
mm o Ko m DiS.



4 3
In the equations below the subscript f(referring to the model)became p,

So, Kp

Gk/x 5) 1 Km
or(K \Xm-1

or Vm Dm Lcp f(NRD) -1

VP D 2Lcm f2(NRoD)p

Let Lcm /Lcp -R and the above equation becomes)2
R Vm D f(NRe)m

VP D f(NRe)p

or r - -(D f(NReD)m -0
FVp ) Dp ) f(I4ReD)p

Heat Transfer Flux = g/A . After Messinger(6), the heat flux to or from the
body under study (t5 < 32

0F)

q/A h [(t -t,,-r~ .0 s P j
C SP0 2'gcCp "0

2

+ R [C (32-t)-144-C (32-t Vc
w wi se 2g J

C

We want

(q/A) - (q/A)

or (q/A)~ / (q/A) - 1

or I F2  1.0 -(q/A)/ (q/A) a0
2m p



Water Flux (LWC)(V)
0

We want
(L'WC) p(V 0 p (LWC)M(VO)M

oF3 1. X -o 0

The above equations appear as follows in the program:

QAM = (q/A)

RAM = (A/A )

F(I) = 1.0 -QAM/(q/A)

F(2) = R - X(3)*X(2)**2*RAM/(X/A
s p

f(3) - 1. - X(1)*X(3)

Trial values of X(1), X(2) and X(3) are continued until these three functions are
arbitrarily close to zero.
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SUBPROGRAMS

Each subprogram is discussed briefly below.

SUBROUTINES DELBRO, BOUNDR, and GJINV

These three subroutines together solve systems of nonlinear equations
iteratively. They are based on the Broyden technique (2) as modified by the
More-Cosnard procedure(8). The program was written by Dr. J. D. Perkins, Im-
perial College, London.

The user must supply the set of functions F(I), set up the initial values
of the independent variables X(I), and input boundary values of , BOUND(I),
within which the program attempts to find a solution. Other input parameters
are explained by rather detailed comments in DELBRO.

DELBRO may fail to find a solution for a variety of reasons:

(1) Initial Jacobian approximation may be singular because of:

(a) poor scaling of variables;
(b) equations are not independent;
(c) poor initial guesses.

The program works best if the independent variables are kept between -1
and +1 and the functions F(I) are kept near 1.0. Dr. Perkins (7) has suggested

transformations of the type

X = (Xi-a)/b

fi =fl/c

(2) Bounds may impede progress towards a solution. It may be that a solution
does not exist within the bounds, or, a poor starting point may have
been chosen.

(3) The dimensions NW, NB are too small. See listing of program for re-
quirements.

(4) The program may not have converged to the precision specified (ERROR)
within the maximum number of iterations specified (MAXIT).

The subroutine BOUNDR checks the values of X calculated against the boundary
values supplied by the program, sets INFO - (KONDJ equal to 5, writes out a warn-
ing and returns control to DELBRO which, in turn, returns control to SIMICE.

Subroutine GJINV inverts the preliminary Jacobian matrix.
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FUNCTIONS DENL, PS0, CW

Function DENL calculates the density of liquid water (g/cc) from -50°C to
+500C. It is based on data and equations given by KELL (4). Below -200 C the

results are extrapolated.

Function PS0 calculates the vapor pressure of ice (Kilopascals). It is
based on the work of Arnold Wexler(13).

Function CW calculates the heat capacity of liquid water in the range -500C
to +40*C. It is based on data from Smithsonian Meteorological Tables (10).

FUNCTIONS MUMIX, KMIX, NPRMIX

Function MUMIX calculations the viscosity of air-water vapor mixtures. It

is based on equations (9-3.9) and (9-5.4) of Reid, Prausnitz and Sherwood(9).

Function KMIX calculates the thermal conductivity of air-water vapor mixtures
from equations (10-4.1), (10-6.1), (10-6.2) and (10-6.3) of Reid, Prausnitz and
Sherwood(9).

Function NPRMIX calculates the Prandtl number of air-water vapor mixtures.

It uses KMIX, MUMIX and heat capacity data on air from (5) and on water vapor
from (3).

FUNCTIONS LAMDAS, EM, EMC and EMS

Function subprogram LAMDAS calculates a value of X/X for a given value of

the drop Reynolds number NReD. The equations it uses are based on data tabulated
in reference (11).

Function EM calculates the collection efficiency, Em. It first calculates
a value of K = 2/9pwVoD 2/(aLc), the Reynolds number and Ko = LAMDAS(NRe)*K. It
then calls on EMC to calculate Em for a cylinder, EMS to calculate Em for a sphere,
or EM0012 to calculate Em for a NASA 0012 airfoil.

Functions EMC, EMS and EM0012 are based on equations obtained from curves
given in references (1 , 11).

This set of Programs should be replaced by a procedure which integrates the

basic differential equations (12) to obtain the collection efficiency, Em

FUNCTIONS HC, QA

Function HC calculates the heat transfer coefficient hc from equations given
in (14).

Function QA evaluates the heat flux as given by equations in Messinger (6).

4- . . . ... .. _ .
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DATA INPUT

Data input is from a file named ICE-DAT. The input is unformatted: each
number should be separated from others by commas or at least one space. Form
and meaning of the input are shown in the following table:

Variable Variable
Record Name Type Significance

I IB Integer Body type - 1 for cylinder
- 2 for sphere
- 3 for 0012 NASA Airfoil

1 IH Integer Heating condition - 1 No beat input
-2 Heat input

1 R Real Scale-up Ratio - (LC) m/(LC)p

I LC Real Prototype characteristic dimension, cm

I IPRINT Integer Variable controlling printout by
DELBRO = -1 No printing

= 0 Final results only
= I X + F on every iteration
= 2 X + F + W on every iteration

2 TMS Real Prototype surface temperature, *C

2 TMO Real Prototype free stream temperature, 0C

2 PMO Real Prototype free stream total pressure, Kp

2 VM0 Real Prototype free stream velocity, meter/sec.

2 OMEGA Real Model(and prototype)specific humidity
- (Kg water vapor)/(Kg moist air)

2 LWC Real Liquid Water Content, g/(cubic meter)

2 DM Real Model droplet diameter, microns

2 LIM Integer Program Control parameter: If

LIM = -1 --- end of run
# -1 --- expects another set of data

3 TFS Real Model surface temperature, *C

TF0 Reai Model free stream temperatue, 0C

PPO Real Model free stream pressure, KP

4 X (1).

x (2 -:>Real Initial values of ratio variables for

X (3>-" BROYDEN
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Variable Variable

Record Name TyeSignificance

5 & 6 BOUND(1)

BOUND(2) Real Boundary values for the X(I) variables:
------ Lower bounds in BOUND(l), BOUND(2), BOUND(3);

BOUND(6) Upper bounds in BOUND(4), BOUND(5), BOUND(6)

A sample set of input data is given on page 10
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DATA OUTPUT

Output from this program is illustrated on the following pages. The first
set of output is the principal output which comes out to a terminal or line printer.
The second set shows the intermediate results which can be written out to the file
DELBRO.DAT. The third set shows various intermediate results which can be written
out to the file SIMICY.ERR.

.. . . .. ... . . . . . -,
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PROGRAM SIMICE 2-A-3

RUN NUMBER= 1 BROYEIEN CONVERFTi AFTER IS CAL-LS
MOrIFl- AND PROTOTYPE BonY: CY'iINn[ER
FPk(TOT'YFE(114F*UJT' CONDnITIONSO*

LC = PRCITOIYFEF CHARAt''rkRIFTjc P:IM-ENS TON= 4.*76CM
TMS= Pr')]*OrTYP: t~iRFACE ft-"MPUR, IU~RE:=. 04* OC
I MO= V' R 0 T 311 Y RFJ rI TEMFE4RATLIRF -10.00C
I'h0 : FiFr0r'f0 PE F~f6: %31r.F M i')TAL; F RFSSURk. 47.00OKF
1.1M t) FIR (I rn r Y FT i-,, -. F. S ~ CFo y .r 7'TY ~ 116.*79METER/SEC
L. Ut> RfIJ 1O)! I- E. 1 i .141 WATELR r-, li .0SS(RAMS/ChII8Tr MFTE:R

Ph z Rl fr Fl. IPWiF1. F r riIAt4FrEA- 32.* 3MICRONS-.

mt[I . C NII 1 ;N S
LCF= M(Ifift CHARAI'rFTER$,TIC lDIMENSIOrW.: 2.0021
TFS- MODEL ~iJRFACE YF MERAI11RF 0,OOC
rF(' M-II)Ft. ',TRFAM TEM:ERATUREu -10.002
1-v MOIJUI.~RA TOJTAL PRESSU.RE.= 47. OOKF'
VPO= Mtlrl- FFF.F FIJREAM VFI.OCI 1W.: 96.0 iMETERI/SFC
LW(;F- MO[;FL- 1 100111 WA'TER CCiNJTENT= 24GASUBCMFTER
IF zMWI~FL. wk rFk. Ii'RP~'F (UIAMFI'ER= 2 0* 0m I c pO0

* 1~'E -.) It3H2n IJAFOR)/ (( MOfl A ~I R!

WONf NI.MRI.':; P2 BryIEN C:UNVERGFI.1 'F T ER 15 CA~LL
Hi.JF I. AND pprIlOT~p pREl JEY D(FY
".-R0T0l YPF I NF~ rj rfl1rI f ONS'

L C z M 1)T 01 YPF CH5AflhI i1: h.mFI~HnN- 4,76CM
T MS = PP .)TO Y PE SUF CIF.'F RAIL:PFF 0) 00C2
1Mt0-. PRl U L I Y FF: FWIFE '31'- FAM TFMFEAATJRE= -10,0ooC
,MO= PROT0 )T.. FR 1 :FM TAL, FiKE :StJ E 47.* OKFj

VO () PR I ilC ( PI: F . EMVFL-OVI Tt 120 * 0MFTER/SEC
t.wr= v~Fimi :rF I..iuuT w~ rft COINrENT:: 2. O5GRAMS/CUBIC METI-'
u h Pl KJu I I Ty FF DikOF'L.F'r DI1AMFTER-= 3. 03MICRONS

MODEL. cQUNrITONS:
L 1-F MODEl. I'HARACI ERISTIC DIM.NSTON= 2.00CM
rF54= MODIEL. 1IFACE TEMPERA rtuid:= 0,002
I I-~ MODEL. SIREAM 'JEMF'ERoATIIRF= -.10.00C
F'F' MOlDEL STTRFAM TOTAL PRESSURE.- 47*OOKP
VFPO0: MODEIL FRLE STREAM VELOCTTY= 98,93METFR/SFC
LLJCf*= MOD!EL. LTrIJT[ WATER CONTENT= 2.493RAMS/CUPIC METEN'
IIF--M0E'EL WAIVR T'IRF'LET Il'IAMFTFR= 19. 97MICRONS

JMEi3A- 0*4000F--02(NXC H20 VAF'U)R),(KM. MOIST AIR)

PUN NUMBEP= 3 BROYDEN CO)NVFRtiFE' AFTER 14 CAI.LS
MODFl ANri F'Rilt.i-IF FOOIVLINDER



a 10= PRUO 0rIF FFFI STREAM I*EMFFFAT0JRE- -10.00QC 13
P:M 0 PR( 11 11*Y P: V eF IS REAM TOTAL F'RFSSIJRE= 47. OOKP
VMO=. PRO I) UfYF FRFF. srREL~AM VELOCIY 17 - 5. OMETER/SEC
1. WL~ C R~ p flni Y Fl. I...[t0l1111 WATER w3NTENl .: 2. 05(RAMS/CLIEIC MFTFR
ti'm ~ r, ,or y P . I'F'(IHA EU T 1TAMF:TER= 32.03MICRONS

MU EF I. rUN Til IONS.

MODlEL CHAF:ACTERTSTIC D'IMENSION= 2.00CM
TFS= MODtEL SUFF 60' TE:MFRArIQF= o0c
rFF0= lInEl- S TREAM U MPERATIJI40 - 10.00Oc
iVPO- MODELh.. S I HEAM 11H IAl FPREFSSURE= 47, OOKF
VPO = MODiELi FV S:E TREAM VFLOCITi:m 94.37METER/SE'..
LI4CF*= MOJDEI. I 101![T) Wr.1 EP-, CON TENI1=- 2,50GRAMS/CIUhIC METER

'=M(OUF IwATrFR PROI FT flIAMETF.R= 20 O2 MI C RO4S

I,.~~ r3 i o vU H 0 P~n o . (3 U MU 1 1 A I[p

K JN N I J i1HF R:: 4 FtRL1V EN CLtYFIEAFT ER 14 CAiLL.S

1M'[F L! r111 l F17 1 I I- I Or f r~~ T C r iN r
LC- RCTOTKEf: iKlH~AA FE WO~ H .;I: 24 MF:NF.I UN- 1.76CM

r ri- PRO~ToTP 9 1p V AK 1: A. O% PFF, 11 'P F r
A0- :, K 0 1 1.,1 ( 1FE 1: !.1 iINE.M ()i~P 1 F 1 0" O C

F10zo I- FR 0 u U ~PF F F E E7 '-8 REA rol"ALFFLS. 4 *oo1if
who-~ PRii ii. 5 F PH S: FA 9:~A 1-I-O' 11 * OOMETFIT, SH.
1.. 1'= PIi, TYP F'[. 1 If ( 1' W r Fl.' f'lAl=CE 4 . 2 05SRi S'C I 1C' M[TE!,,

lo C1 F1 PE ('FQH F I .TAMETFR--3.. 0 (3 MI CRI 1 Is

IJF. M :I tv . t;HARA C: R~I STi;TC IEN21N 2: . oN i
T FF,;::: MoiIE CIJ R I AC F r FM r'!. F . r ' 0 .00C

3. 1-0: M 0JIF 1) F 1.'~ A PE -10,0 *O C
FPO=: MODiEI. 3Tir' UtF.ESlR:47.00111"
YF'0= MODEEI.. FR!-FI.- , F 17:'1*1~F I'r J.. . , I YSO.80M ETIF: R S L

I I H r)F F...r1-1 IT W )T E P CON TE NT::: 2. 5 16 M ;;C Lib IC M ET E I

OMEGA= 0,. 40O0E- 02I FLU H20 VoAPC(."R K ' MO :I?; ', AIR,-

RUN IJMFR 5i~~ P HR~O Y DE ( ,'N p A Fl FR 1 3 CAI
ii (JFL. AND! Fkt~ or T F T~r .INilERP
;':, R I)i, o r Y P I i~ jPI.) r C (-i2 N i: T T 1) N S

LC = pRI p .,r0Ty p V ciiAFAcTE F] srfr DI MENSION- 4, . 7CM
rMS= PROr rol1 YF',. Ii'FA E 1 MF'E:F-,A I'lJRF: O.* OC
Emo-: PRo rUVYl'E F k' F F B rlT'AM TEMFEF'ATHlRFP -10, :0C
Pfl(. = PHO 11 1t PE F Rh N. VI REA M 10 1 A L PR R13 ;S 1l1R E: 47 0 K P

()0 =l,!, l f (iY'-E FRE R "'. ! .,I OCI 'r v0 :00ME TE:R/ SEC

W. 4L PRO T 0:1 YE' PF .TT WATER c:1441FIT= 2 *0'()13RAMS/'[CUF(TI MrIMER
D'M F'RfO"'I5 HT(iI F I"I IiAM'ETER::: 32.0 3MICRONS

L. I F: M 0 I EL. CHARAC rEipic I v titLNsion ~ 2,00CM
TFS= MULEL '5i IRFA CE I EM PlFA I ! I RF C. -00

F : MII (1: i . ST*RE.v-t T YE MFE PAr UP F: -:10.00fO

M.'.: 010 L F R- A M TO[ I F'R 1 ~SUJR E= 4," .* 0
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